Introduction
Energetic materials (EMs), including propellants, explosives, and pyrotechnics, are used extensively for a variety of civilian and military applications. Current researches to improve EMs focus on designing and synthesizing novel compounds with high detonation performance (comparable to the benchmark EMs such as cyclotetramethylene-tetranitramine (HMX) and cyclotrimethylene-trinitramine (RDX)) while simultaneously reducing sensitivity for safety considerations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, high energy and low sensitivity requirements are often contradictory, making the development of new EMs difficult and challenging. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] We aim here to provide the synthetic chemists a simple tool for predicting the sensitivity prior to the often complex and time consuming process of synthesizing new generations of EMs.
Sensitivity involves how quickly external stimuli (thermal, impact, friction, electrostatic discharge, or shock) can initiate chemical reactions that lead to decomposition and energy release. This is a crucial factor that determines the safety and affects the manufacture, transportation, application and storage of these materials. [1] [2] [3] [4] 12 A high priority in designing and evaluating proposed new energetic compounds is to minimizing sensitivity. Therefore, it is very useful to find a way to predict the factors affecting sensitivity in order to quickly explore new generations of EMs.
It is widely accepted that sensitivity depends upon a complex interplay of such factors as molecular structure, crystal packing, packing of grains into the test materials, and the nature of the stimulus. [12] [13] [14] [15] Reproducibility of the measured values is notoriously difficult, leading often to contradictory results. At crystal scale, sensitivity is related to molecular packing mode, anisotropy, and crystal quality such as defect, shape, and size. [16] [17] [18] [19] [20] [21] [22] At molecular scale, sensitivity is strongly dependent on molecular composition and geometry configuration. 1, [23] [24] [25] [26] [27] [28] For example, sila-pentaerythritol tetranitrate (Si-PETN)
shows a dramatically increased sensitivity compared to its carbon analog pentaerythritol tetranitrate (PETN), although the two molecular structures are nearly identical to each other besides the central atom (silicon vs. carbon). [23] [24] [25] δ-and β-HMX have the same molecular composition but different geometry configurations, and the former is more sensitive than the latter. 26 Thus even for single crystals the relation between sensitivity and material characteristics is complex and not understood. This becomes even more complex at the mesoscale, where microstructure including grain boundary, interface, surface, and voids lead to additional influence on the sensitivity of polycrystalline EMs. 12, 29, 30, [31] [32] [33] Recently, the Klapötke group synthesized several nitrocarbamate compounds as potential EMs including the neo-pentane derivative pentaerythritol tetranitrocarbamate (PETNC) and its silicon analog Si-PETNC. 27, 28 In comparison with the well-known and widely used explosive PETN, PETNC shows an increased thermal stability as well as lower sensitivities against friction and impact. 27 Si-PETNC also exhibits higher thermal stability and is much less sensitive to impact as well as friction compared to Si-PETN. 28 Si-PETNC is more sensitive than its carbon analog PETNC and matches roughly with the nitrate ester PETN. 28 Due to the complexity of factors that might affect sensitivity, previous theoretical studies on predicting sensitivity have generally tried to correlate with a single molecular or crystal property of EMs, such as oxygen balance, molecular electronegativity, partial atomic charge, electrostatic potentials, weakest bond dissociation energy, band gap, free space per molecule, crystal packing mode, etc. [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Despite significant efforts and many suggested empirical correlations, no clear understanding has been achieved of the relationships between sensitivity of materials, their molecular and crystalline structures, and chemical properties. 36, 46 We consider that the four compounds, Si-PETN, PETN, Si-PETNC, and PETNC, provide a good challenge to develop an understanding of the molecular and structural determinants controlling their sensitivity to external stimuli. This is because PETN, PETNC, and Si-PETNC have exactly the identical space group P4̅ 21c with minor differences in molecular structure. 27, 28, 47 Although the experimental crystal structure for Si-PETN is unavailable, we assume that it is also the case since the molecular structures for Si-PETN and PETN are nearly the same besides the central atom. 23 The molecular and crystal structures for the four EMs are shown in Fig. 1 . Our previous theoretical studies 24, 25 on the decomposition mechanisms of PETN and Si-PETN elucidated how the replacement of central C by Si dramatically increases the sensitivity of Si-PETN. In the current work, we use quantum mechanics molecular dynamics (QM-MD) to predict the thermal decomposition mechanisms and sensitivity of condensed phase Si-PETN, PETN, Si-PETNC, and PETNC. We here aim to uncover the complex chemical processes underlying thermal initiation and the reasons for the lower sensitivity of nitrocarbamate compounds and for the higher sensitivity of silicon analogs.
Then we want to find a simple method to predict the relative sensitivity of EMs. The problems associated with characterizing and measuring sensitivity suggest that seeking precise structure/activity correlations is unrealistic except on a very limited scale. 37 Accordingly, our goal is to try to understand the molecular determinants that influence sensitivity, and then to make meaningful predictions of relative sensitivities. This should help provide clues useful for understanding sensitivity of other systems to aid molecular design of novel EMs with tailored properties. Moreover, the chemical reaction mechanism and kinetics including the energy release are essential to developing thermochemical models useful in hydrodynamic simulations of these materials. This is the first report of QM-MD studies of the reaction mechanisms and thermal sensitivity of solid Si-PETN, PETN, Si-PETNC, and PETNC. We used the PBE-D3 flavor of the generalized gradient approximation to density functional theory (DFT) with periodic boundary conditions. The details of computational methods are given in section 2. The simulated results are presented and discussed in section 3. Conclusions are drawn in section 4.
Methodology
The QM calculations use the interatomic forces calculated in the framework of density functional theory (DFT), 48 where exchange and correlation are treated with the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional form. 49 The London dispersion was corrected using the D3 method with Becke-Jonson damping. 50 The Vienna Ab-initio Simulation Package (VASP) 51 ported to GPU was employed to perform these periodic QM simulations.
Since there is no experimental crystal structure for Si-PETN and the difference between Si-PETN and PETN molecule is the central atom type, we first replaced the center C in PETN with Si and optimized the molecular and crystal structure using conjugate gradients methodology to obtain the Si-PETN crystal. The energy cutoff for the plane wave expansion was set to 600 eV. Convergence is reached if the energy and force differences are within 1 × 10 -6 eV for electronic iterations and 1 × 10 -4 eV/Å for ionic relaxations, respectively. Reciprocal space was sampled with the Г-centered Monkhorst-Pack scheme using 3 × 3 × 5 gamma points. For consistency, the other three experimental crystal structures were also relaxed at the same computational level. The cell parameters of the optimized crystal structures are summarized in The DFT-MD simulations were then performed to investigate the reaction mechanisms of thermal decomposition under heating. The systems were first heated from 20 K to 300 K within 2 ps, followed by equilibration at 300 K for 2 ps. They were finally heated continuously from 300 K to 3000 K over 20 ps (at a heating rate of 135 K/ps). NVT ensemble (constant temperature, constant volume, and constant number of atoms) was used, and the temperature was controlled using the Nose-Hoover thermostat with To identify reaction products formed during thermal decomposition, we determined the atom connectivity using bond order cutoffs. The algorithm is the same as that used in previous studies of reactive molecular dynamics simulations. 52 Any two fragments are considered as separate molecules if all bonds between them have bond orders smaller than the cutoff values. After determining the molecular fragments, the molecular recognition algorithm assigns a unique identification number to each fragment to trace the reaction pathways. The cutoffs for various atom pairs (tabulated in Table S2 -S5 of the ESI) are confirmed by comparing the analyzed products with the molecular structures in the decomposed crystals from the MD trajectories. We used a time window of 0.2 ps to avoid confusion due to short-term fluctuations in the bonds above and below the cutoff. That is the bond must be maintained for at least 0.2 ps to be considered as a bond.
Results and discussion

Reaction Mechanisms for the Nitro Esters Si-PETN and PETN
3.1a Si-PETN
The initiation of thermal decomposition of Si-PETN occurs through O-NO2 bond cleavage when temperature increases to 1543 K (t = 9.21 ps), leading to the formation of NO2. Then the Si-CH2O bond breaks immediately after NO2 dissociation, generating CH2O at 1549 K (t = 9.25 ps). Next we find the formation of Si-O bond as the temperature reaches 1562 K (t = 9.35 ps). The mechanisms of these first three initial reactions are illustrated in Fig. 2 , showing that for all the four intact Si-PETN molecules, the first reaction step is always O-NO2 bond rupture followed by Si-CH2O bond breakage in the same branch. Previous static QM calculations on single Si-PETN molecule 24 suggested that the barrier for CH2O dissociation is 48.2 kcal/mol, which is 12.6 kcal/mol higher than that for NO2 release, explaining why CH2O always forms after NO2. The number of Si-O bonds increases continuously as temperature increases and a rapid increment begins after the temperature approaches 1796 K (t = 11.08 ps), as shown in Fig. S1 (a) . The reaction pathways leading to the formation of Si-O bonds are collected in Table 1 (9) 9.35 1562 C3H6N3O9Si (13) + CH2O (12) → C4H8N3O10Si (15) 10.28 1688 C4H8N2O8Si (26) → C4H8N2O8Si (27) 11.08 1796 C3H6N3O9Si (23) + NO2 (16) → C3H6N4O11Si (34) 11.26 1820 C3H6N2O7Si (39) + C3H6N2O7Si (29) → C6H12N4O14Si2 (41) 11.39 1838 C3H6N2O7Si (43) + NO2 (10) → C3H6N3O9Si (44) 11.41 1840 C6H12N2O11Si2 (72) → C6H12N2O11Si2 (77) 11.76 1888 C6H11N2O11Si2 (83) + NO2 (35) → C6H11N3O13Si2 (90) 12.07 1929
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The numbers in parentheses are the identifications (ID) of fragments.
Static QM calculations 24 suggested that the Si-O bond formation via carbon-silyl nitro-ester
should be the first reaction step due to its lower barrier than O-NO2 bond cleavage (reaction enthalpy: 32.0 vs. 35.6 kcal/mol). However, our QM dynamical simulation under constant heating rate shows that Si-CH2-O rearrangement occurs after O-NO2 bond breaking. This is because the rearrangement has a very tight transition state (very low entropy)
which is disfavored at higher temperature. Experiments exposing the crystal to a high-energy laser, high-energy fracture, or high pressure found that Si-C/C-C and C-O bonds the first to break, which was interpreted to suggest that O-NO2 bond is relatively strong than these other bonds. [54] [55] [56] In contrast, we find that slower thermal decomposition leads to O-NO2 bond rupture as the initial step, which was also observed for low-energy fracture or low energy laser at ambient pressures. 55, 57 As temperature increases above 1850 K, we observe the formation of NO, H, and HONO. The NO2
attracted by the central Si atom breaks one O-N bond, leading to the elimination of NO at an early stage.
The NO formed at a later time is due to the further decompositions of other products (e.g., HONO, N2O3, the fragment with two Si formed by the combination of two partially decomposed Si-PETN molecules).
H atoms are mainly dissociated from the partially decomposed Si-PETN and from the decompositions of other products (e.g., HONO, HNO). The secondary reaction between dissociated NO2 and H contributes greatly to the formation of HONO, which is also split from the fragment with two Si and from the partially decomposed Si-PETN. Although QM calculations of the adiabatic energy surfaces suggested that HONO might be an initial reaction, because the reaction barrier is only 3.8 kcal/mol higher than that for NO2 dissociation, 24 our MD simulations indicate that HONO does not eliminate directly from the original Si-PETN molecule, and it forms much later and at a higher temperature than NO2, CH2O, and Si-O bond formations. final products (such as CO, H2O, N2O, and CO2). These exothermic reactions are critical since they contribute to the energy release that accelerates the decomposition process. The observed rate increase as the decomposition continues have showed that reactions between decomposition products accelerates decomposition with possible autocatalytic effects. [58] [59] [60] The time evolutions of major reaction products formed during the thermal decomposition of Si-PETN are presented in Fig. S1 of the ESI.
3.1b PETN
In the heating induced decomposition of PETN, the first reaction step is also O-NO2 bond fission when temperature approaches 2078 K (t = 13.17 ps), which is ~540 K higher (~4 ps later) than that for kcal/mol). However, our dynamical simulation under heating shows that HONO is always formed after NO2 and is not dissociated directly from the intact PETN molecule. The barrier for CH2O dissociation is about 10 kcal/mol higher (49.1 kcal/mol), 24 which is consistent with the delayed occurrence compared to the formation of NO2 and HONO. The rearrangement of C-CH2-O (R3C-CH2-O-R2 → R3C-O-CH2-R2) leading to the formation of C-O bond was suggested to be impossible due to the extremely high barrier (80.1 kcal/mol). 24 Indeed, we only observe one similar rearrangement at 2129 K (t = 13.55 ps) in the branch after losing NO2 in When temperature increases higher than 2200 K, the formation of NO, HNO, and HO are observed.
The further decompositions of PETN moieties and initial products such as HONO and NO2 generate NO.
The secondary reaction between NO and the released H or the H in other products leads to the formation of HNO. HO is mainly generated from the decomposition of HONO. Other intermediate products,
including CHO2, CH2O2, and N2O2, are formed later due to secondary reactions between products and the further decompositions of other fragments. The thermal decomposition of PETN generates such final products as H2O, CO2, CO, N2O, and N2. The time evolutions of major reaction products formed during the thermal decomposition of PETN are plotted in Fig. S3 of the ESI.
Reaction Mechanisms for the Nitrocarbamates Si-PETNC and PETNC
3.2a Si-PETNC
The first reaction step for Si-PETNC is intermolecular hydrogen transfer between two Si-PETNC molecules (M2 and M3), as shown in Table 2 and the molecular structures before and after Si-O bond formation are shown in With the continuous increase in temperature, we observe HO, NO, CHN2O4, CH2O, and CH2O2. The decomposition of initial product HONO contributes significantly to the formation of HO and NO. HO is also generated from the further decomposition of Si-PETNC moieties and the secondary reactions between other products. NO is also formed due to the decompositions of NO2, Si-PETNC moieties, and the fragment with two Si. CHN2O4 is first dissociated from Si-PETNC (M3) and then from further decomposition of Si-PETNC after losing H, NO2, and CHNO. We do not consider CHN2O4 as a crucial initial product since it forms later than other initial products and the amount is small. CH2O and CH2O2
are formed mainly due to the decompositions of and the secondary reactions between other products.
Compared to Si-PETN, CH2O forms at a much higher temperature and the reaction mechanisms are significantly different for Si-PETNC. The final products formed during the thermal decomposition process of Si-PETNC include H2O, CO, N2O, CO2, and N2. The time evolutions of major reaction products formed during the thermal decomposition of Si-PETNC are shown in Fig. S4 
3.2b PETNC
The initial reactions during the thermal decomposition of PETNC include the dissociations of C2H3N2O4 and CHN2O4, hydrogen transfer, and the formations of H, NO2, C2H3NO2, and CHNO, as shown in Fig. 6 . For M1, the first reaction step is the dissociation of C2H3N2O4 due to C-CH2 bond fission when temperature increases to 2120 K (t = 13.48 ps). C2H3N2O4 is unstable, which quickly decomposes into C2H3NO2 and NO2, and the former immediately decomposes into CH2O and CHNO. This CH2O soon decomposes to H and CHO. Although C2H3N2O4 forms earlier than other products, this is the only C2H3N2O4 formed during the whole heating process for PETNC. We did not observe the dissociation of C2H3N2O4 in the decomposition of Si-PETNC. The CH2-O bond breaks just after C2H3N2O4 dissociation, leading to the formation of CHN2O4 at 2123 K (t = 13.5 ps). This CHN2O4 is also unstable, quickly decomposing to CO2 and HN2O2. In comparison with Si-PETNC, CHN2O4 forms ~2 ps earlier and at a temperature of ~270 K lower for PETNC, making it more important in the initial decomposition of PETNC. The following reaction is H elimination from -NH at 2226 K (t = 14.27 ps), which is rapidly consumed by the attraction of the O in -CO within the same branch. 
The Origins for the Higher Sensitivity of Silicon Analogs and the Lower Sensitivity of Nitrocarbamates
Energetic molecular solids can rapidly transition from slow thermal decomposition to rapid, selfsustained reactions that lead to thermal runaway and explosion. 61, 62 Because the initial decomposition is endothermic, the internal energy release and increased violence of reaction are delayed until the onset of exothermic reactions, which are thus of paramount importance to the safety of EMs. 63 We consider that the variation of energy under external stimuli is crucial to understand the sensitivity of EMs since it correlates closely with the violence of initial endothermic reactions and secondary exothermic reactions.
Thus we consider that the temperature programmed reaction dynamics provides a more reliable measurement of sensitivity than considering just one or two specific factors such as molecular electronegativity and the weakest bond dissociation energy. Comparing the energy behaviors of the nitro esters and the nitrocarbamates, we find that the energy release begins much later and at much higher temperature for the nitrocarbamates. The starting time and temperature are 13.9 ps and 2177 K for PETN, while they are 17.6 ps and 2676 K for PETNC. The decomposition of Si-PETN begins to release energy after 11.3 ps and the temperature is 1826 K, whereas, the onset of energy release for Si-PETNC starts after 17.0 ps and the temperature approaches 2595 K. This indicates that the decomposition proceeds much more slowly and the exothermic reactions occur much later for the nitrocarbamates, making them less sensitive. Another significant distinction is that the energy accumulated in stage one of the nitrocarbamates is much higher than that for the nitro esters, suggesting that nitrocarbamates need more energy to break the bonds in initial reactions. This implies that the nitrocarbamates lead to more initial reaction pathways that absorb energy or that the reaction barriers for the initial reactions are higher. Indeed, more endothermic reaction routes are observed in the initial decompositions of PETNC and Si-PETNC, compared to PETN and Si-PETN as shown in Table 3 . This arises from the large and complex branch of the nitrocarbamate compounds that triggers various reaction channels. The common reaction product NO2 is observed in the initial decomposition for all four EMs, but the reaction barriers for the nitrocarbamates are much higher. The reaction enthalpy for O-NO2 bond dissociation in PETN and Si-PETN are 39.0 and 35.6 kcal/mol, 24 while the reaction enthalpy for NH-NO2 bond dissociation in PETNC and Si-PETNC approach to 48.6 and 48.2 kcal/mol with zero point energy (ZPE) correction from QM calculations at the level of M06/6-311G**. Hence, NO2 is formed at a much higher temperature and the population is smaller for the nitrocarbamates than for the nitro esters, as compared in Fig. 8 (a) . Furthermore, the intervals between two initial reactions for PETNC and Si-PETNC are longer than those for PETN and Si-PETN, indicating that early reactions for the nitrocarbamates may not catalyze following reactions and thus decomposition progresses more slowly. Although Si-O bond formation is observed for both Si-PETN and Si-PETNC, it occurs at a much higher temperature for Si-PETNC and the number is smaller as shown in Fig. 8 (b) . This is due to the large branch in the nitrocarbamates, which makes it more difficult to bend and rearrange the Si-CH2-O and also impedes 
Sensitivity Evaluation
Experimental measurements 23, 27, 28 collected in Table 4 for the four EMs suggest that  thermal stability (Tdec) decreases as PETNC > Si-PETNC ≥ PETN > Si-PETN,  impact sensitivity (IS) increases as PETNC < PETN ≤ Si-PETNC < Si-PETN, and  friction sensitivity (FS) increases as PETNC < Si-PETNC < PETN < Si-PETN.
That is to say, subjected to the stimulus of thermal, impact, or friction, Si-PETN is always the most sensitive one, and PETNC is always the most stable one. The thermal stability and impact sensitivity for Si-PETNC are similar to those for PETN, but the former exhibits lower sensitivity to friction. Overall, these experimental data indicate that  the relative sensitivity of the four EMs is: PETNC < Si-PETNC < PETN < Si-PETN. Together with the experimental data regarding sensitivity, we summarized some crucial parameters obtained from the thermal decomposition simulations of Si-PETN, PETN, Si-PETNC, and PETNC in Table 4 , trying to find the correlation between the parameters and the relative sensitivity of EMs. These parameters include the initiation temperature/time of the first reaction step (Tini or tini,), the temperature/time at which the energy changes from endothermic to exothermic (Tendo-exo or tendo-exo), the absorbed energy before energy release (∆Eendo), and the rate of energy release (rexo). We find that Tendoexo (or tendo-exo) and ∆Eendo correlate very well with the relative sensitivity of the four EMs, as shown in Fig. 9 . The EM with lower Tendo-exo (or earlier tendo-exo) and less ∆Eendo exhibits higher sensitivity, while the one with higher Tendo-exo (or later tendo-exo) and more ∆Eendo has lower sensitivity. Accordingly, our DFT-MD simulations suggest that  the relative sensitivity of the four EMs is: PETNC < Si-PETNC < PETN < Si-PETN, consistent with experimental result. Thus we recommend that the temperature/time at which the energy changes from endothermic to exothermic and the absorbed energy before energy release correlate with the relative sensitivity of EMs, providing a simple tool for predicting the sensitivity of novel EMs in advance of experimental synthesis and characterization. This criterion should provide guidance for developing new EMs with improved properties. and the absorbed energy before energy release (∆Eendo) for Si-PETN, PETN, Si-PETNC, and PETNC. We find that
Tendo-exo and ∆Eendo both correlate very well with the relative sensitivity of the four EMs. The EM with lower Tendo-exo and less ∆Eendo has higher sensitivity, while the one with higher Tendo-exo and more ∆Eendo exhibits lower sensitivity.
The initiation temperature/time of the first reaction step does not correlate with relative sensitivity of the four EMs. For example, although the first reaction step occurs at a temperature of 400 K lower (or ~3 ps earlier) for Si-PETNC than that for PETN, the former is less sensitive. The first reaction step (H transfer) occurring in Si-PETNC does not catalyze other reactions, showing little effect on enhancing sensitivity. Therefore, we stress that it is necessary to find out whether the initial reaction promotes other reactions or not when using it to evaluate the sensitivity of EMs. The rate of energy release rexo neither correlates with the sensitivity of these EMs. rexo is higher for the nitrocarbamates than that for the nitro esters, which is opposite to the relative sensitivity.
Conclusions
We used DFT-MD based tempereature programmed reaction dynamics to determine the decomposition mechanisms of Si-PETN, PETN, Si-PETNC, and PETNC crystals to unravel the origins for the high sensitivity of Si analogs (Si-PETN, Si-PETNC) and the low sensitivity of nitrocarbamates (Si-PETNC, PETNC). We also find a simple analysis that predicts the relative sensitivity of EMs. The much lower sensitivity of nitrocabamates compared to nitro esters is due to the large and complex branch of the reactant molecules. This large branch makes it more difficult to bend and rearrange the Si/C-CH2-O and also impedes the attraction between the central Si/C and the O in dissociated products. The Si-O bond forms at a higher temperature and the quantity is less for Si-PETNC compared to Si-PETN. The large complex branch also triggers more initial reaction channels that absorb energy and have higher reaction barrier. These factors delay the onsets of secondary reactions and energy release, thus lowering the sensitivity of Si-PETNC and PETNC.
The changes in potential energy under external stimuli provides an important measure for evaluating the sensitivity of EMs since it correlates closely with initial endothermic reactions and secondary exothermic reactions. We find that the temperature/time at which the energy changes from endothermic to exothermic (Tendo-exo or tendo-exo) and the accumulated energy before energy release (∆Eendo) correlate very well with the relative sensitivity of the four EMs, making them useful criteria. The EM with lower Tendo-exo (or earlier tendo-exo) and less ∆Eendo has higher sensitivity, while the one with higher Tendo-exo (or later tendo-exo) and more ∆Eendo exhibits lower sensitivity. Accordingly, the relative sensitivity of the four EMs predicted by our dynamical simulations is PETNC < Si-PETNC < PETN < Si-PETN, consistent with experimental results.
This study explains the increased sensitivity of Si analogs and the decreased sensitivity of nitrocarbamates of energetic molecules, providing mechanistic insight on the molecular and structural determinants that control sensitivity of EMs. The proposed criteria related to energy variation under external stimulus provide a practical approach to predict the relative sensitivity of EMs in advance of experimental synthesis and characterization. These findings should be useful in developing novel EMs with improved properties.
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